The paper proposes a flow chart of an energy technology complex based on thermochemical processing of solid fuels with a consistent removal of separation products. The scheme is designed for the use of coal and other solid fuels, as a result of the developed methodology for modeling the processes occurring during the thermal decomposition of the organic mass. Calculations of the circuit elements show that the thermal efficiency is increased when implementing successive separation of exhaust coal products.
Analysis of the current state of complex use of coal
Currently, technologies that allow the complex processing of raw materials are becoming particularly relevant. This allows minimizing emissions to the environment and increasing the efficiency of the production process. The most prominent example of complex processing of a mineral resource is oil refining. The highly efficient processes developed in this field make it possible to use almost all the components of crude oil. Coal and lignite are the same valuable mineral resources, because their processing allows one to get a whole range of products currently produced from petroleum [1] . In the field of processing of coal and other types of solid fuels, significant results have now been achieved and there are numerous publications concerning the integrated use of coal and the production of energy and commercial products from it. However, for the development of efficient processes and technological schemes based on them, it is necessary to study the mechanism of decomposition of the organic mass of coal and to identify the factors affecting the formation of certain components. Therefore, in this paper the authors present a diagram of an energy technology complex based on the mechanism proposed earlier in which various processes of energy production and chemical products from coal are combined.
The closest concept study is the work in which the scheme shows coal pyrolysis with possible use of intermediates [2] . Research is also being conducted to identify the influence of components on the mineral part of the organic thermal decomposition. For example, the impact of ion exchange with Na, Mg, Ca and Al, contained in the mineral part, on evolution of CO, CO2, moisture and pyrolysis of hydrocarbon gas, as well as on the relative yields of different gases is reflected in [3] . The combination of pyrolysis and gasification processes is also relevant. The technology proposed in [4] implies the initial pyrolysis with production of coal, tar and hydrogen-rich gas. The gas is then subjected to gasification in the stream with addition of silicon dioxide or bituminous coal with high ash content. The resulting synthesis gas passes through a purification unit and a water gas shift reactor before mixing with gas obtained as a result of pyrolysis to achieve the target molar ratio of H2 to CO equal to 2.0, which is necessary for the synthesis of a number of chemicals.
Traditionally, coal is used in two, practically unrelated to each other, directions. Firstly, coal is fuel that, when directly burned, is used to produce heat and electricity. In this case, there are serious environmental problems associated with emissions of sulfur oxides, carbon, nitrogen, and solid particles of ash into the environment. Secondly, coal is a chemical raw material for production of coke, coal tar, alcohols, ammonia and other products. As a rule, these processes are focused on the production of any one main product, while the rest are secondary and are often not used, adding to the amount of environmental pollutants. Complex methods in this area are also in the research and development stage.
Consider the first direction. Modern requirements for operation of coal stations determine the need to clean up emissions from polluting components. During the processes of purification, i.e. ash trapping, desulphurisation and carbon dioxide emission, the secondary pollution inevitably occurs, that is, trapped components appear that must be disposed. In particular, for the production of sodium sulphate and gypsum during purification of thermal power plants emissions from sulfur dioxide, a technological scheme has been proposed, integrated into the desulphurisation unit, and economic indicators have been calculated that prove the feasibility of the process [5] . Active research is also being conducted to reduce energy consumption during desulfurization and the use of mercury removal technologies in coal-fired power units [6] .
Valuable components can also be recovered from ash and slag waste, for example, aluminosilicate microspheres and carbon components. Modern technologies presented in [7] , allow one to obtain the four major products: hollow microspheres, carbon product (64.5% of carbon), magnetic product (62% of iron), and alumina silicate product (no more than 3% of carbon).
Considering the second direction, the Russian technology "Carbonica" can be cited as an example of the integrated use of coal [8] . In this technology, brown coal is the optimal raw material for the combined production of thermal energy and medium-temperature coke (thermal coke), i.e. technological specialized fuel and coke substitute in metallurgy [9] . The authors used the results of experiments on the process of layer carbonization of grade 3B coal of the Balakhta KAB deposit and developed the concept of an energytechnology complex (ETC) for processing coal into medium-temperature coke with the simultaneous production of combustible gas, which will be used to produce heat and electric energy [10] . The hardware design of such a complex is patented [11] and includes a gasifier, a boiler, a freon unit, a gas piston unit, a hydrogen separator and a programmer. The authors [12] developed a mathematical model of pyrolysis installations for low-quality solid fuels. It includes blocks for calculating the thermophysical properties of starting materials and pyrolysis products, a block for experimental data processing, as well as blocks for calculating energy and economic indicators.
Development of the technological scheme of the energy technology complex based on coal usage
As it can be seen from the previous review, the search for the optimal combination of energetic, technological, economic and environmental effect is more than relevant for creating systems in which the process takes place in one step, and all the products formed during this process are used within this system. It should be noted that the study of quantitative and qualitative composition of products at the fuel processing stage (gasification, pyrolysis) is important. Studies of the physico-chemical processes of decomposition of organic mass of coal (OMC) were carried out in [13, 14] . Based on the kinetic model proposed in [15] , a technological scheme was developed for the integrated thermochemical processing of solid fuels with the consistent removal of separation products (Figure 1 ). To remove the physically bound moisture, the coal is dried at a temperature of about 120-260°C. Then, slow pyrolysis of all dry coal is carried out, heating to a temperature of about 427-590°C [16]. Next, the pyrolysis gas is subjected to multi-stage cooling with separation of the resin and the over-resin water. Part of the resin product is sent to the benzene scrubbing unit, where it is used as an absorption oil. The cooled pyrolysis gas successively passes through the purification units for hydrogen sulfide, ammonia and benzene, after which part of the gas is directed to the second fuel processing unit for synthesis of liquid products, and the other part goes to the flue gas cleaning unit. Semi-coke is sent to the second fuel processing unit to produce activated carbon used for additional purification of pyrolysis gas.
Thus, the proposed technological scheme allows implementation of an integrated energy technology processing of solid fuels to produce synthetic liquid fuels, carbon sorbents, as well as elemental sulfur or sulfuric acid.
To achieve more efficient use of the organic mass components of solid fuel, the scheme includes the following stages:
• Grinding of fuel to a pulverized state, combined with its drying;
• Pyrolysis in a fluidized bed by a solid heat carrier formed during the partial burning of coal dust in the process furnace to produce a gas-steam mixture and semi-coke;
• A step-by-step separation of steam-gas mixture, which in the first stage includes release of products that do not undergo further decomposition. In the second stage the products that allow obtaining coal oil are released, in the third stage light fraction of the resin is sent as a marketable product to the production of phenolaldehyde resins, polyamides polyarylates, etc.;
• Purification of the produced gas from hydrogen sulphide, ammonia and crude benzene (the main component of benzene), used as a raw material for chemical production, as a solvent in paint and varnish production, and as a component of motor fuel to increase the octane number, etc.;
• Obtaining of activated carbon from part of semicoke, which is used as a sorbent;
• Steam-oxygen gasification of a part of semi-coke;
• Combustion of the resulting mixture of coke oven and generator gas in the combustion chamber of a gas turbine unit with utilization of combustion products heat in the heat recovery boiler and production of steam used in the gasification of semi-coke.
Such technological scheme allows one to process stone, brown coal and peat.
In the scheme presented above, the main thermochemical processes are: cooling of the steam-gas mixture to the condensation temperature of the resin products, removal of condensable products with their subsequent separation in sumps. The processes are carried out in order to release combustible gases for combustion in the combustion chamber of GTU and waste heat boiler, the use of condensable products inside the scheme (coal tar for gas purification from benzene) and hot water. Heat balances of condensers 1 and 2 of the separation stage, gas collector, separator and sumps can be represented as the following equations (the components of heat balances are given in kJ per 1 kg of raw coal supplied to the system).
Heat balances of condensers of the 1st and the 2nd separation stages, gas collector, separator are:
where i, j=1,4, Ai=Bi=0, i≠1, Ai=QAC, QAC is the activated carbon heat; QSGMi is the heat of the i-th steamgas mixture (SGM); QSWi is heat of the i-th supramine water (SW); QCPj is the heat of condensed products (CP) of the j-th stage of separation. Thus, the amount of heat that must be transferred by water is:
is the amount of heat required to cool down the SGM; Then the required water flow rate can be found from the heat balance equation of the condensation section:
where Gwi is consumption of cooling agent (water) for condensation of the i-th stage, kg/s; cw is specific heat capacity of water at 0-100 °C, equal to 4.19•103 J/kg•K; t2 = tmixi is the outlet temperature, i =
1.4°C.
The temperature of water leaving the apparatus t2 is determined from the following heat balance equation:
where tcmi is temperature of the i-th mixture of condensate with a cooling agent, °C;
wi G is water consumption in the first approximation, kg/s; tc.a. is the initial temperature of the cooling agent (water), °C; cmixi is heat capacity of the i-th condensate mixture with a cooling agent, J/kg·deg. Thermal balances of mixing points of condensable products of the first and third stages of separation with separation products in a separator and heat balances of septic tanks are determined in the same way.
Thermal efficiency (ηt), which in this case shows how much of the calorific value of coal is converted into useful heat, is calculated by the formula: 
For a typical scheme, the efficiency of the gas collector is 17%. Thus, in the proposed scheme, the thermal efficiency of this unit is increased by 35%.
The thermal efficiency for the entire scheme is 11%. For the same scheme without separation and removal of products within the scheme, the efficiency is about 3%.
Conclusions
In the developed scheme, efficiency is achieved due to the following features:
1. Thermal efficiency. In gas collectors, water is heated at 2-3°C. Since the gas cooling is achieved mainly due to the evaporation of water, the supply of cooler water will entail a worse cooling of gas due to less evaporation. The tar water leaving the gas collector has a temperature of 73-78°C. In the developed scheme, along with the gas collector, cooling condensers are used, the thermal efficiencies of which are 36 and 88%, respectively, as a result of which the heat load on the gas collector decreases and the efficiency increases. In addition, in the condensers located in front of the gas collector, most of the vaporous resin is released, which in the traditional scheme occurs only at the cooling stage in the primary refrigerators.
2. Efficiency of using products of processing. Condensate discharged from the gas collector can be used to produce coal oil, but it requires pre-treatment. Naphthalene, which is the basis of coal oil, is isolated in primary refrigerators, which causes pollution of previously standing equipment and increases its wear. In the proposed scheme, naphthalene and hydroxynaphthalene are allocated at the 2nd stage of removal of intermediate products and can be used not only to obtain coal tar without additional purification, but also help to reduce the level of naphthalene contamination of equipment for the coke oven gas purification unit. At the stage of condensers, other condensation products can also be removed, and are usually discharged by means of a supercharger.
3. Economic efficiency. In the traditional scheme, the main resource requiring high costs is water supplied to cool down the steam-gas mixture and condensation of chemical products, since coal consumption is constant and the processing method and operating parameters influence the resulting products. With the introduction of two cooling condensers into the circuit, water consumption is reduced by 1.5 times, thereby saving resources.
